1,2-Dibromoethane (EDB), which is a groundwater contaminant in areas where it was once used as a soil fumigant, was shown to be degraded aerobically by microorganisms in two types of surface soils from an EDB-contaminated groundwater discharge area. At initial concentrations of 6 to 8 ,Ig/liter, EDB was degraded in a few days to near or below the detection limit of 0.02 ,ug/liter. At 15 to 18 mg/liter, degradation was slower. Bromide ion release at the higher concentrations was 1.4 + 0.3 and 2.1 ± 0.2 molar equivalents for the two soils. Experiments with [14C]EDB showed that EDB was converted to approximately equal amounts of CO2 and apparent cellular carbon; only small amounts of added 14C were not attributable to these products or unreacted EDB. These results are encouraging, because they indicate that groundwater bacteria may hasten the removal of EDB from contaminated aerobic groundwater supplies. This report also provides evidence for soil-mediated chemical transformations of EDB.
Ethylene dibromide (1,2-dibromoethane [EDBI) has been detected recently in private and municipal groundwater supplies near areas where it was used as a soil fumigant for various crops. The U.S. Environmental Protection Agency banned agricultural use of EDB in 1983 (7) because of evidence of its carcinogenicity in animals (12, 15) . The potential public health hazard of EDB in groundwater has prompted several states to set tolerance levels and implement emergency remedies such as requiring the supply of bottled drinking water to affected communities. Knowledge of the persistence of EDB in aquifers is critical to providing permanent solutions. Long periods of groundwater flow are often required for flushing or dilution of a contaminant to acceptable levels in aquifers (7) . For these reasons, it is essential to understand biological and chemical degradation of EDB, since these processes may well control the duration of EDB pollution of groundwater.
Halogenated aliphatic compounds, including a number of pesticides and industrial solvents that have been found in groundwater (16) , are widely regarded to be susceptible to anaerobic reductive dehalogenation but resistant, in most cases, to aerobic oxidation by bacteria (2, 5, 8, 22) . EDB was found to be stable in a nutrient medium inoculated with primary municipal sewage sludge under denitrification conditions (i.e., anoxic using nitrate as the electron acceptor) (3). Under anaerobic conditions in nutrient medium containing a methanogenic mixed culture, EDB was found to disappear faster than in sterile controls, producing a highly volatile organic product, thought to be ethylene gas, and no CO2 (4).
The only published account of experiments with EDB in soils showed variable rates of transformation yielding ethylene and bromide ion (6 mounted hermetically in a side port. Actual 02 levels in the experimental flasks were not measured. According to this monitoring, Si flasks remained aerobic throughout the longest incubations (99 days), but oxygen in S2 flasks dropped by 90% after 7 weeks. At that time, oxygen in S2 flasks was replenished by a flow of 1 headspace volume of air through a needle; displaced EDB was measured by sampling before and after this operation and was taken into account in all appropriate calculations subsequent to this. Ion chromatograms of subsamples from both media showed the persistence of sulfate and nitrate throughout the study period, which is evidence that aerobic conditions were maintained Periodically, after brief shaking, subsamples were withdrawn with a calibrated syringe and an 18-gauge needle. A subsample of S2 consisted of homogeneous slurry. A subsample of SI consisted of overlying water plus particles suspended by shaking (not including most sand particles). The subsamples were extracted by shaking with hexane containing 1,2-dibromopropane as the internal standard (recovery of EDB was 91 to 95% [five determinations]). S2 spiked with EDB at the lower concentration required preextraction with 2 volumes of acetone followed by partitioning between 1 volume of hexane and 5 volumes of water (recovery was 86 to 92% [four determinations]). EDB was determined by gas chromatography on 15% OV-17 on Chromosorb W HP (80/100 mesh) with a 63Ni detector. For experiments at parts-per-million EDB levels, an additional subsample was taken for bromide determination by ion chromatography under the conditions described above for nitrate and sulfate.
Carbon products. Carbon product fractionation was carried out in a dilute suspension of S2 in distilled water (0.1 g of solids per 32 ml) which was spiked with [ 1, 2-14C]EDB (23 mCi/mmol; 98% radiochemical purity; New England Nuclear Corp., Boston, Mass.). Each replicate received 6 x 105 dpm to produce a final concentration of 65 ,ug of EDB per liter. Suspensions were placed in 40-ml screw-cap vials with unpierced, Teflon-backed silicone septa and incubated at 25 + 2°C with gentle shaking to keep the solids suspended. The headspace (13 ml) was sufficient to keep the culture aerated for the 13 days of the experiment.
A replicate vial was taken periodically, and samples were assayed for radioactivity and EDB concentration. The vial was then acidified with 1 ml of 1 M HCI and purged for 40 min with a stream of CO.-free air (15 ml/min), which passed through a train similar to that described by Bouwer and McCarty (2) consisting of, in order, (i) a Tenax column trap for organic compounds of moderate volatility, including EDB but excluding highly volatile organic compounds such as CH,=CHBr and CH2=CH2; (ii) a pair of CO, traps (10 ml of 1 M NaOH each); (iii) a stainless steel coil (16 in. by l/x in.
[outside diameter]) heated with a flame to glowing to combust organic compounds to CO,; and (iv) a second pair of CO, traps. The organic compounds trapped on Tenax (i) were then driven off at 180°C in a stream of air and collected in a pair of hexane traps (10 ml each). The train was calibrated with standard solutions of [14C]EDB, NaH14CO3, and CH =CHBr. The purged culture was extracted with hexane (2 times 10 ml each) followed by ether (2 times 10 ml each) and then filtered through a 0.45-,um (pore size) membrane filter (Millipore Corp., Bedford, Mass.) with a glass fiber prefilter. In some cases, the collected solids were boiled in acetone for 5 min, collected, and washed with more acetone. The solids were combusted in a biological oxidizer (model OX300; R. J. Harvey Instrument Co., Hillsdale, N.J.), and the 14CO2 was collected in trap/scintillation fluid (Harvey). Recovery with this instrument and [14C]sucrose standards was 96.4 ± 0.8%. The culture filtrate and all traps and extracts were added to Aquasol scintillation fluid (New England Nuclear). Quench correction was done by the channel ratio method. All extracts and hexane traps were assayed for EDB by gas chromatography. The 14Co. in the NaOH traps was confirmed by removal of radioactivity from solution after treatment with Ba(NO3)2 and the subsequent appearance of radioactivity in the precipitated BaCO3 (2). Production of 14Co0 by soil microbes was further confirmed by the absence of radioactivity in the first pair of NaOH traps (ii) after the culture was made alkaline and the appearance of '4C02 in the same traps when the culture was subsequently acidified.
Effect of EDB on microbial activity. The method of Barnhart and Vestal (1) for measuring the extent of acetate incorporation into microbial lipids was used to assess EDB inhibition of microbial activity. S1 (3 g of solids plus 1 ml of stream water) or S2 (1 ml of slurry) was spiked with EDB in 1 ml of distilled water and incubated in 7-ml screw-cap vials with gentle shaking at 25°C for either 3 or 12 h. The initial EDB concentrations, in duplicate or triplicate, were 0, 0.1, 1, 10, 50, 100, and 1,000 ppm. Then 50 lI of [1-_4C]acetic acid-potassium salt solution (2.5 x 105 dpm [6 p.mol]) was added, and the mixture was shaken for 1 h. The lipids were extracted as prescribed (1), and the CHCl3 extract was filtered through anhydrous Na2SO4, evaporated in air, and transferred quantitatively in CHCl3 to a combustion boat.
After evaporation of the solvent, the residue was combusted in the biological oxidizer, and the CO2 was collected in Harvey trap/scintillation fluid. At an EDB concentration of 0, S1 and S2 incorporated at least 2,300 dpm, whereas autoclaved controls incorporated, at most, 170 dpm. RESULTS (14) . Table 1 shows that this treatment almost completely eliminated EDB loss from a replicate that had previously degraded two spikes of EDB at 6.5 [.g/liter.
At termination, I charged flasks with hexane to extract EDB from the entire contents, including the headspace. Gas chromatographic analysis of the hexane revealed that EDB transformation in the nonsterile cultures occurred to near or below the detection limit of 0.02 ,ug/liter, representing at least 99% removal.
The results of soil incubations at 15 to 18 ppm are given in Table 2 . The molar ratio of bromide ion evolved to EDB consumed was 2.1 ± 0.2 for S1 and 1.4 + 0.3 for S2 (mean ± the standard deviation of the final three time points). The latter value may indicate incomplete mineralization in S2 under these conditions. Autoclaved S1 and S2 controls showed smaller EDB losses than did active cultures. EDB losses from S2 controls were coupled with stoichiometric evolution of bromide: 2.0 ± 0.3 molar equivalents. Bromide also was released from S1 controls, but the small quantities of product and starting material involved precluded accurate determination of the ratio. By contrast, no measurable EDB loss or bromide evolution occurred in autoclaved stream or "Average of four replicates ± the standard deviation.
Average of duplicates ± 1/2 range. distilled water. Thus, soil components can catalyze EDB hydrolysis or chemically react with EDB. The relative rates of microbial degradation of EDB were considerably slower at 15 to 18 ppm than at 6 to 8 ppb. One possible explanation for this is a toxic effect at the higher concentrations. The rate of acetate incorporation into lipids was used to measure inhibition of microbial activity by EDB (1). The effective EDB concentration for 50% inhibition of acetate incorporation (EC50) in S1 measured after a 12-h exposure to EDB was 100 ppm. The EC50 in S2 was 100 and 50 ppm for 3-and 12-h exposures, respectively. Both soils showed slight (<20%) inhibition at 10 ppm of EDB at the 12-h exposure. Inhibition was >94% in all cases at 1,000 ppm of EDB. It appears from this that EDB is not overly toxic to microorganisms under the conditions of the experiments reported in Table 2 . One may also infer that EDB toxicity to specific EDB degraders is probably less than to the general microbial population. Therefore, toxicity does not appear to be the major cause of reduced degradation rates.
An alternative explanation for the reduced rates at higher EDB concentrations is the attainment of saturation kinetics as a result of adaptation to the lower concentrations encountered in the field. Monod-type kinetic equations have been used successfully to describe biodegradation of xenobiotic compounds (10, 18, 20) . These equations predict a leveling off of the rate to the Vmax as the concentration of substrate exceeds the half-saturation constant Ks, which is akin to the Km of enzyme kinetics. The EDB degraders in these media were exposed to low parts-per-billion levels in the field. Adaptation to low substrate concentrations can select degraders whose degradation kinetics can be characterized by a low Ks (i.e., high affinity for substrate) coupled with a low Vmax (9 and references therein). If this hypothesis is correct, it is clear that adaptation to the higher EDB level was not achieved during the 3 to 3.5 months of incubation.
This has implications for groundwater contamination via agricultural use. The higher (15 to 18 ppm) levels used here are at the lower end of the range of EDB applied as a soil pesticide to cropland; namely, 27 to 242 kg/ha (24 to 216 lb [1 (11, 13) and a soil organic carbon partition coefficient of 66 ml/g (17) . The workup used here (hexane and ether extractions of the slurry) was clearly capable of removing nearly all 14C from autoclaved control samples (Table 3) . Also, in one nonsterile sample, further treatment of the collected solids with boiling acetone followed by filtration and repeated acetone washing removed less than 5% of the bound 14C, ruling out the possibility that the bulk of bound 14C was EDB sorbed to lipids. This also argues against the bulk of bound 14C being sorbed intermediates arising from, for example, cometabolic transformation of EDB, since derivatives are less hydrophobic than EDB itself (e.g., CH3CH2Br, BrCH=CH2, BrCH2CHO, BrCH2CH2OH, HOCH2CH2OH, or any C-1 compound) (11, 13) . However, measurement of label in the protein fraction would be more positive evidence of the assimilation of carbon from EDB. A small fraction of the bound 14C resulted from abiotic processes. Abiotically incorporated "'C in sterile controls was near 0% after 3 h of incubation but increased with time to the values shown in Table 3 Unextractable soluble "'C in culture filtrates, which makes up a small percentage of initial "'C, appears to include products of both biotic and abiotic reactions. The former are most likely soluble cell components but may also include metabolic intermediates of EDB. The latter may consist of water-soluble EDB hydrolysis products such as 2-bromoethanol and ethylene glycol.
In conclusion, EDB can serve as a carbon and energy source for some soil aerobes or aerobic consortia. Approximately equal amounts of EDB are converted to CO2 and cellular carbon. Degradation at parts-per-billion levels was surprisingly rapid and complete to near or below detection limits. Degradation at parts-per-million levels was slow. Field adaptation may be responsible for these rate differences. EDB loss and bromide ion apearance and irreversible incorporation of "'C into soil particles of sterile controls indicate soil-mediated chemical mechanisms of EDB destruction also. Studies with deep soils below the water table, where bacteria are far fewer in number, are clearly needed. Nevertheless, it is gratifying to learn that this mechanism of EDB destruction is potentially important and leads to harmless byproducts, predominantly.
